A B S T R A C T Familial dysbetalipoproteinemia has been reported to be associated uniquely with an apolipoprotein E phenotype (E2/2) that occurs in '1% of all persons. We have observed the typical clinical and biochemical characteristics of this disorder in five members of a family, in all of whom the apolipoprotein E phenotype, as determined by isoelectric focusing electrophoresis, is E3/3. The disorder is present in three generations of the family: the proband, her mother, and three of the proband's five children. The proband's husband, father of all five children, also has apolipoprotein E phenotype E3/3, as do his two unaffected children. As in normal persons with phenotype E3/S, the apolipoprotein E of affected members appears to have a single residue of cysteine. When incorporated with egg lecithin into discoidal complexes, the apolipoprotein E from affected members was taken up normally into perfused livers of estradiol-treated rats, in which a high level of LDL receptors is expressed. When isoelectric focusing electrophoresis was carried out over a narrow range of pH (5-7), each of the apolipoprotein E isoforms of affected members was observed as a doublet, even after reduction of dimers of the protein with 2-mercaptoethanol and treatment with neuraminidase to minimize the content of sialylated forms of the protein. Doublets were also observed in the apolipoprotein E-2 of patients with classical dysbetalipoproteinemia, but only in the affected members of the family with atypical dysbetalipoproteinemia were the components of the doublets equally prominent. As in classical dysbetalipoproteinemia, both apolipoprotein B-100 and B-48 were present in the very low density lipoprotein fraction of plasma obtained in the postabsorptive state, indicating that remnantlike lipoproteins of both hepatic and intestinal
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We (9) and apo E (10) in three major lipoprotein fractions, samples were subjected to ultracentrifugation at densities of 1.006 and 1.063 g/ml (11) . For measurement of the composition (12) of lipoprotein classes, lipoproteins were separated by sequential ultracentrifugation (13) and purified and concentrated by recentrifugation at the respective upper density limits. Apo B in VLDL was determined as protein insoluble in tetramethylurea (14) and content of other apoproteins of VLDL, delipidated with ethanol/ether, 3:1 (15), was determined by quantitative densitometric analysis of polyacrylamide gel electrophoretograms stained with Amidoschwarz (14) . The presence of different forms of apo B in VLDL was determined by sodium dodecyl sulfate (SDS) electrophoresis in 3% polyacrylamide gels (16) .
Analysis of apo E and its isoforms. Distribution of isoforms of apo E was determined by analytical isoelectric focusing polyacrylamide gel electrophoresis (17) , with a pH gradient of 3.5-7.0 or 5.0-7.0. Samples of apo VLDL were analyzed routinely with and without reduction of disulfides with 2-mercaptoethanol (10) . To Menzel et al. (18) with 5% polyacrylamide gel for the first dimension and 12% gel for the second dimension. Apo E was isolated from VLDL delipidated with tetramethylurea and diethyl ether by gel filtration chromatography (19) . Composition of apo E was determined by amino acid analysis (20) . The number of cysteine residues was evaluated by isoelectric focusing electrophoresis of apo E in apo VLDL reacted with cysteamine (21) .
Other procedures and analyses. Apo E was iodinated with 125I and complexed with egg phosphatidylcholine (22) . Uptake of the '251-apo E was measured in single-pass perfusions of isolated rat livers (22) . Total A., father of all five children, was found to be hypertriglyceridemic (489 mg/ dl) on one occasion, when he was drinking -2.5 liters of beer daily, but was later normolipidemic after he had stopped drinking and had lost weight (Table I) . He had no xanthomas or evidence of ischemic vascular disease. Ad.A. and Ar.A. come from the same small town in El Salvador, but careful questioning revealed no evidence that they are genetically related. The pedigree of the A. family is summarized in Fig. 1 .
Lipid and lipoprotein analyses. All five of the affected members of the kindred had elevated serum triglyceride levels and all but one have had elevated serum cholesterol levels when hyperlipidemic drugs were not given ( Table I ). The levels of these lipids have responded well to clofibrate or nicotinic acid in the proband (Ad.A.) and her mother (G.P.). In affected members, VLDL of beta electrophoretic mobility were present (Table II) (Table I ). The ratio in the two unaffected children was 0.16 and 0.29 and f,-VLDL were absent in them and the proband's husband (Ar.A). All affected members (except G.P., who was taking clofibrate) had grossly elevated levels of apo E in serum and VLDL. Levels of cholesterol in IDL plus LDL varied, but in affected members tested, the levels of apo E in this fraction were increased, consistent with the presence of remnantlike particles. The composition of the VLDL of the proband was typical of dysbetalipoproteinemia, with increased content of cholesteryl esters and reduced content of triglycerides (Table III) . The composition of the IDL, LDL, and high density lipoprotein (HDL) was normal (24) . Several members of the kindred had reduced HDL-cholesterol levels, including the unaffected husband of the proband and one of his two unaffected children. Apo E comprised an abnormally large fraction of the protein component of VLDL in dysbetalipoproteinemic members, but was well within normal limits (10) in those not affected (Table II) .
Isoelectric focusing electrophoresis of apo VLDL.
The variation of isoelectric behavior of apo E appears to result both from polymorphism of the gene dictating the structure of apo E and from posttranslational modifications of the protein (1, 3) . Reduction of disulfide dimers of apo E (apo E-apo E or apo E-apo A-II) simplifies the pattern in most persons (1, 10) and facilitates assignment of apo E phenotype. Apo E is a glycoprotein that appears to be variably sialylated (3), so that treatment of apo VLDL with neuraminidase further simplifies the pattern of apo E in isoelectric focusing gels (1) .
The isoelectric focusing pattern of apo E in the proband was virtually indistinguishable from that of the E3/3 phenotype, when apo E was reduced with 2- mercaptoethanol, with or without treatment of apo VLDL with neuraminidase (Fig. 2) . The E-3/E-2 ratio in the proband and in the other four affected members of the kindred ranged from 2.79 to 3.27 (Table II) , consistent with an E3/3 phenotype. This was confirmed by two-dimensional electrophoretic analysis, which showed the predominant unsialylated apo E component to be E-3 (Fig. 3) . However, in one-dimensional gels run in the absence of 2-mercaptoethanol, the isoforms with pl of E-3 and E-2 were each seen as a closely spaced doublet (Fig. 2) . This pattern appeared to be identical in all five affected members of the kindred (Fig. 4) . Isoforms with pl in the region of E-1 usually appeared as a doublet with and as a triplet without treatment of apo VLDL with 2-mercaptoethanol (compare upper and lower groups of gels in Fig. 3) . Mixing experiments showed that the more anionic member of the doublet of the apo E-3 bands of affected members of the A. kindred co-focused with the E-3 from unaffected individuals (Fig. 5) . Treatment of apo VLDL with 2-mercaptoethanol appeared to decrease (by <0.01 pH unit) the apparent pI of the more cationic component.
To evaluate further the presence of these components of apo E, isoelectric focusing was performed over of apo E is shown. The distribution of both E-3 and sialylated components with the mobility of E-2 and E-1 is similar in all gels.
with 2-mercaptoethanol (Fig. 7) . The doublets observed in affected members of the A. kindred and in persons with classical dysbetalipoproteinemia remained after treatment of apo VLDL with neuraminidase (Fig. 7) . In the members of the A. kindred, the intensity of the two components of the doublet was approximately equal, whereas in those with classical dysbetalipoproteinemia the cationic member of the doublet predominated. Composition of apo E and apo B. The amino acid composition of apo E from the proband and one of her affected children was indistinguishable from that of apo E from unaffected persons (data not shown). Treatment of apo VLDL of the proband and her mother with cysteamine (Fig. 8) increased the pI of each component of apo E by a single charge unit, consistent with the presence of a single residue of cysteine, as with normal persons with the E3/3 phenotype (1, 21).
As in patients with classical dysbetalipoproteinemia, the apo B of the VLDL fraction of the proband and her mother contained a distinct component with the mobility of B-48 as well as B-100, consistent with the presence of partially catabolized chylomicrons as well as VLDL (Fig. 9) plexes were mainly discoidal particles -45 X 300 A, as described previously for complexes prepared from rat apo E or apo E from patients with phenotype E4/ 3 or E2/2 (22) . The complexes were perfused through isolated livers from normal rats and rats that had been treated with large amounts of 17-a-ethinyl estradiol for 5 d (22) . In each case, the uptake of '25I-apo E was stimulated by 20-30% in livers of estradiol-treated, as compared with normal rats (Fig. 10) . The behavior of the apo E from dyslipoproteinemic members of the A. kindred therefore resembles that of apo E from persons with phenotype E4/3 or E3/3 (unpublished data), and Postheparin lipolytic activities. Blood plasma was obtained from the proband and a normolipidemic subject 10 min after intravenous injection of 1.0 mg heparin/kg body weight. Total lipolytic activity against emulsified triglycerides (control 12.8, proband 17.3 jsmol fatty acid produced/ml plasma in 1 h) and activity resistant to 1.0 M NaCl (control 6.6, proband 4.9 jsmol fatty acid produced/ml plasma in 1 h) were similar. (1) proband Ad.A.; (2) patient with phenotype E3/3; (3 and 4) patients with classical dysbetalipoproteinemia. The apo VLDL for the middle member of each group of three gels was treated with 2-mercaptoethanol and that for the right member was treated with 2-mercaptoethanol and incubated with neuraminidase. Note that doublets seen with E-3, E-2 and E-1 from Ad.A. and with E-2 from patients with classical dysbetalipoproteinemia are unaffected by treatment of apo VLDL with neuraminidase. In Ad.A., the doublets stain with approximately equal intensity, whereas in those of E-2 from patients with classical dysbetalipoproteinemia, the more cationic component predominates. All isoforms from the patient with the usual E3/3 phenotype appear as single bands.
DISCUSSION
VLDL of many persons contain two electrophoretic components, the more slowly migrating of which has properties resembling those of VLDL remnants (17) . upon the isoelectric focusing patterns of apo E. The apo VLDL of the left member of each pair of gels was reduced FIGURE 6 Isoelectric focusing polyacrylamide gel electro-with ,8-mercaptoethanol; the apo VLDL of the right member phoretograms of apo VLDL (pH gradient 5.0-7.0): (1) yg/ml).
with cell surface receptors. The three affected children, then, could have two alleles specifying synthesis of apo E-3, each of which is functionally defective. The observation that the E-3 and E-2 are each composed of two components, approximately equal in amount and differing in pI by -0.01 pH unit, after reduction of disulfide dimers with 2-mercaptoethanol ( Fig. 6) and desialylation of the protein by treatment of neuraminidase (Fig. 7) , is consistent with heterozygosity for such alleles in all five affected members of the family. The presence of doublets in the apo E-2 of patients with classical dysbetalipoproteinemia (Fig. 7) , makes the significance of this observation somewhat uncertain, but one component of those doublets was less prominent than the other. An alternate explanation for the occurrence of dysbetalipoproteinemia in this kindred is that they lack the normal receptor-dependent mechanisms for processing remnants of triglyceride-rich lipoproteins in the liver. Apo E reacts with several lipoprotein receptors, including receptors on cells in extrahepatic tissues and receptors in the liver. Under some conditions, the liver expresses the LDL receptor first described in cultured human fibroblasts (25) . This receptor recognizes lipoproteins or lipid-protein complexes containing apo B-100, the B apoprotein secreted by the liver (26) , and apo E, which is also secreted from the liver (27) . In addition, liver membranes have a binding site for lipoproteins containing apo E but not apo B-100 (28 .:-.
fore participate in the uptake and catabolism of remnant lipoproteins. We found that the apo E of affected members was effectively recognized by the estradiolinduced LDL receptor of rat liver (Fig. 10) . Although this observation is consistent with a defect in an hepatic receptor or receptors, it is now known that the apo E-2 from patients with classical dysbetalipoproteinemia can differ both structurally and functionally. Thus, the apo E-2 from a patient in which cysteine is present at positions 112 and 145 (6) is also taken up readily in livers of estradiol-treated rats (8) and reacts almost normally with LDL receptors in cells and cell membrane preparations (6, 8) . It seems unlikely that this patient has both a defective apo E and defective hepatic remnant receptors. In addition, recent studies in Watanabe heritable hyperlipidemic rabbits, which lack hepatic LDL receptors, suggest that partially catabolized chylomicrons and VLDL may be processed differently by hepatic receptors. The metabolism of chylomicrons is normal in Watanabe heritable hyperlipidemic rabbits (29) , but that of VLDL is impaired (30) , consistent with the hypothesis that chylomicron remnants are processed by apo E receptors, whereas partially catabolized VLDL are processed at least in part by the LDL receptor that recognizes both apo B-100 and apo E. As in patients with classical dysbetalipoproteinemia (1, 31, 32), both chylomicron remnants and VLDL remnants appear to accumulate in the affected members of the A. kindred. It therefore seems more likely that they will be found to have one or two structurally abnormal apo E that contain a single cysteine residue.
The observations presented here are consistent with other evidence that multiple mutations of apo E cause dysbetalipoproteinemia. The present observations suggest that such mutations may be associated with the E3/3 phenotype.
